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Abstract: 
Organometal trihalide perovskite solar cells have attracted monumental attention in recent years. 
Today’s best devices, based on a three-dimensional perovskite structure of corner-sharing PbI6 
octahedra, are unstable, toxic, and display hysteresis in current-voltage measurements. We 
present zero-dimensional organic-inorganic hybrid solar cells based on methylammonium iodo 
bismuthate (CH3NH3)3(Bi2I9) (MABI) comprising a Bi2I9 bioctahedra and observe very low-hysteresis 
for scan rates in the broad range of 150 mV/s to 1500 mV/s without any interfacial layer 
engineering. We confirm good stability for devices produced and stored in open air without 
humidity control. The MABI structure can also accommodate silicon nanocrystals, leading to an 
enhancement in the short-circuit current. Through the material MABI, we demonstrate a 
promising alternative to the organometal trihalide perovskite class and present a model material 
for future composite third-generation photovoltaics. 
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1. Introduction 
Organometal trihalide perovskites (OTPs) have attracted significant interest after their first 
report in a photovoltaic cell in 20091 and record power conversion efficiency (PCE) now exceeding 
22%.2 OTPs are attractive particularly due to their ease of processing,3,4 large absorption coefficient,5 
long carrier diffusion lengths,6,7 low exciton binding energy,8 and low non-radiative recombination 
rates.9 OTPs are of the form ABX3, where A is a monovalent cation (e.g. methylammonium (MA) 
CH3NH3, formamidinium (FA) CH3(NH2)2), B is a divalent metal cation (e.g. Pb2+, Sn2+) and X is an 
anion (e.g. I-, Cl-, Br-, SCN-). Perovskites of mixed cations and/or anions are now typical for high 
efficiency cells.10–13 Although exceptional PCEs have been demonstrated by Pb-containing OTPs, the 
intention to solve the issues concerning low stability, toxicity, and rate-dependent current-voltage 
hysteresis is dominating current research efforts. OTPs are highly susceptible to degradation via 
deprotonation of the organic component which is driven by, for the most part, the presence of 
water moisture, oxygen, and trapped charges.14 The decomposition of Pb-containing OTPs leads to 
the formation of highly water-soluble Pb-halide compounds which presents a significant ecological 
issue.15  
The extreme susceptibility of OTPs to moisture requires critical control of the atmosphere 
during fabrication and entire device encapsulation in glass to prevent exposure to moisture and 
mechanical fractures. These measures may eliminate the possibility of flexible, low-weight modules 
and necessitates careful recycling. Even so, degradation is still observed in encapsulated devices16 
and even for devices stored in vacuum.17,18 Mobile ions at the perovskite surface can diffuse through 
organic transport layers leading to degradation.19 Furthermore, noble metals have also been 
demonstrated to migrate through the organic hole transport material (HTM) to the OTP causing 
shunts across the device and also creating deep trap states reducing device performance.20 The first 
measure to improve the stability of OTP devices requires the replacement of the organic HTM with a 
more stable inorganic material.20,21 In spite of this, defects present in the OTP structure can facilitate 
vacancy migration,22 cause charge accumulation,23 phase segregation,24 and lattice distortions and 
strain in the perovskite structure,23,25,26 which have been suggested to impact negatively on 
stability.14,27 Improving crystal quality should lead to improved stability;14,28 however, the fabrication 
of high-purity, defect-free OTPs is challenging and may preclude the realization of low-cost OTP solar 
cell devices, whilst the extent to which the stability can be improved is unknown and the outlook for 
long-term stability remains unclear.  
High stability may be realised through an all-inorganic device, yet the best inorganic 
perovskite device to date, CsPbBr3 with ~6% PCE,29 is lead-containing, unstable, and tends to exhibit 
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significant current-voltage hysteresis.30–32 The contamination of Pb in OTPs can be addressed either 
by replacing Pb with other non-toxic elements or by stabilising the structure of the perovskite to 
avoid the formation of PbI2. Lead-free OTPs have been produced by direct replacement of Pb with 
Sn33–35 with 6% PCE.34 However, poor stability is observed in tin-based devices due to the tendency 
of tin to oxidise easily from Sn2+ to Sn4+. This has been addressed to some extent by the addition of 
SnF2 which acts as an inhibitor for Sn4+ formation, but a reduction in the PCE was observed.36 
Moreover, computational studies suggest that there is no replacement for Pb in OTPs to achieve 
similarly high PCEs, and the best avenue for bulk OTPs should be composites of Pb and Mg serving 
only to reduce the Pb content.37 Alternatively, reducing the dimensionality of OTPs can improve the 
stability, such as forming two-dimensional layered perovskites.38 Low-dimensional networks of metal 
halides stabilised by organic cations are emerging as a promising route towards solving the stability 
issues of current OTPs.38–40 
The hysteresis observed in OTPs is mostly attributed to ion migration and charge accumulation 
in the OTP.41–44 Hysteresis is problematic as it primarily introduces difficulties in accurately 
measuring device performance, but also indicates low stability.27 Selecting appropriate contacts and 
interface engineering can negate most of the hysteresis observed during standard device 
measurement.45–47 Despite this, the issues pertaining to defect migration and charge accumulation 
described remain, which can result in degradation of the OTP.14 Recent work11,13 has shown that 
current state-of-the-art mesoscopic devices possess low hysteresis in the forward and backward 
current density-voltage (J-V) scans with the same scan rates from 10 mV/s to 50 mV/s. Hysteresis in 
OTPs is still well observed particularly for fast scans.21,43,48 In addition, it is typical that when carrying 
out hysteresis studies on OTPs, only a small range of scan rates are reported, generally 10-200 
mV/s.11,21,49 
OTPs are also particularly temperature sensitive.50 MAPbI3, for example, exhibits a grain-size 
dependent phase transition typically observed around 330 K,4,51 which is within the operating 
temperature range of solar cells and introduces challenges in accurately determining the 
performance and stability of OTP solar cells. Low-cost and long-term stability should be realised 
through air-stable low-temperature solution-processable materials, possibly via reducing structural 
dimensionality, with phase-stability across the operating temperature regime, and hysteresis-less 
behaviour over a broad range of scan rates prior to interfacial layer engineering.  
The lead free organic-inorganic hybrid material methylammonium iodo bismuthate, MA3Bi2I9, 
(herein MABI), unlike OTPs such as MAPbX3, is a zero-dimensional organic-inorganic hybrid material 
comprised of clusters of Bi2I9 bioctahedra separated spatially by approximately 0.16 nm and 
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surrounded by methylammonium cations.52 This specific ordered arrangement with spatially 
confined clusters suggests the possibility of exploiting carrier multiplication, either through multiple 
exciton generation (MEG) or through space-separated quantum cutting (SSQC). MEG is normally 
considered to occur within single quantum confined nanocrystals (NCs)53–56 while SSQC occurs via 
photon absorption in one NC producing an excited carrier which can then interact with the valence 
electron of an adjacent NC such that the carrier multiplication occurs in the spatially separated NCs57 
(or quantum confined clusters). We recently observed the effect of SSQC in MABI and reported 
evidence for carrier multiplication through the observation of an increased photoluminescence 
quantum yield (PLQY) onset at roughly twice the bandgap.58 Due to the close spacing of Bi2I9 clusters 
it is possible that SSQC can take place between adjacent Bi2I9 clusters. 
MABI thin films have demonstrated superior air stability to MAPbI3 and is far less susceptible 
to moisture.59,60 Direct comparison of MABI with MAPbI3 in ambient conditions over 26 days 
revealed that MABI possess a more stable XRD spectra with a slight colour change after 26 days. 
Conversely, a complete colour change was observed for MAPbI3 after 13 days (from brown to 
yellow), signifying the formation of PbI2, confirmed by the emergence of a PbI2 peak in the XRD 
spectrum after 13 days which continued to increase in intensity. MABI has also demonstrated good 
stability when stored in ambient conditions with relative humidity Hr = 55% ± 5%.60 Hoye et al. 
attributed the improved stability of MABI to the formation of a stable surface layer of either Bi2O3 or 
BiOI which does not increase the surface recombination rate.59 In addition, no phase transformation 
is observed between -50 °C to 140 °C in differential scanning calorimetry58 indicating that MABI is 
more stable than MAPbI3 in the device operating temperature regime.  
MABI solar cells have been reported with PCEs 0.42%60 using spiro-MeOTAD and mesoporous-
TiO2 through careful optimization of the MABI layer. These devices were prepared in a glovebox and 
the stability of the devices was not reported, whilst there has not yet been a report on the hysteresis 
at varying scan rates for leading devices in the literature. It is estimated that the PCE of MABI devices 
can rise to 8% with short-circuit current density (JSC) as high as 10 mA/cm2 based on an open circuit 
voltage (VOC) of 1 V through optimization of the crystallization of MABI and interfacial quality.61 The 
improvement in the PCE of MABI devices has been slow compared to the meteoric rise in the 
efficiency of OTPs. The low PCE can largely be attributed to the low JSC, typically 0.5 mA/cm2 to 1 
mA/cm2 for the best performing devices.60–63 This is due to, for the most part, the large bandgap 
reported as approximately 2.1 eV,59,62–64 high effective masses for carries,65 and high exciton binding 
energy64,65 therefore inefficient exciton splitting and carrier extraction. MABI has also been shown to 
possess anisotropic charge mobility, with higher mobility in the a-b plane than in the c-axis.65 High-
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performing MABI devices can be achieved by optimised film formation and stoichiometry, and 
careful control of interfaces with transport layers to supress recombination. Furthermore, methods 
to reduce the exciton binding energy and increase carrier mobility, particularly in the c-axis, should 
be explored.  
Overall, MABI is an environmentally friendly material, without the presence of Pb, and 
possesses unique material characteristics that offer a model architecture to explore new avenues for 
perovskite photovoltaics and with great potential for third-generation solar cell developments. We 
report here stable and hysteresis-less solar cell devices even when fabricated and stored in open-air 
conditions and without modification of the HTM or interfacial layers, and demonstrate MABI as a 
model material for third-generation photovoltaics. We demonstrate hysteresis-free devices due to 
the spatially separated Bi2I9 bioctahedral structure compared to the PbI6 octahedral framework and 
study the device stability with different metal contacts. In addition to this, we incorporate silicon 
nanocrystals (SiNCs) into the MABI matrix and observe that the structure can favourably 
accommodate SiNCs whilst exploring the interplay between Bi2I9 clusters and SiNCs, both within the 
respective quantum confined regimes and highlighting the potential for exciton handling. We 
therefore demonstrate an enhancement in JSC through the incorporation of SiNCs which may assist in 
the dissociation of excitons on MABI clusters. These results and exciton handling by SiNCs suggest 
opportunities to design new zero-dimensional hybrid materials for the utilization of carrier 
multiplication and the fabrication of third-generation devices. 
2. Experimental details 
MABI Layer Formation: MABi2I9 films were formed by first preparing a solution of BiI3 (1.65 M) and 
CH3NH3I (2.475 M) in dimethylformamide (DMF) solvent. The solution was stirred for 10 minutes at 
80 °C and then spin-coated (1250 RPM for 20 s). The films were then annealed on a hot plate at 100 
°C for 30 min. 
Silicon Nanocrystal (SiNC) Synthesis: SiNCs were produced by the electrochemical etching of p-type 
Si-wafer (HF:ethanol 1:4, constant current 20 mA/cm2) for 1 h.66–68 The powder was then 
mechanically removed and collected in a vial. 
Fabrication of Solar Cell Devices: ITO-patterned glass substrates were cleaned by O2 plasma using a 
Diener Electronic Femto type E plasma system for 40 min. The TiO2 compact blocking layer was 
formed by dissolving 1.56 mL titanium (IV) isopropoxide and 0.35 mL triethanolamine in 18 mL 
ethanol, stirred for 2 hours at 40 °C and then left for 24 h. The solution was spin-coated, 5000 
revolution per minute (RPM) for 30 s, and then annealed at 400 °C in a furnace for 2 h. The 
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mesoporous TiO2 layer was deposited by spin-coating (2000 RPM for 60 s) from a solution of 
commercial Dyesol 18-NRT titania nanoparticle paste and ethanol in a 1:2 ratio of paste to ethanol. 
The films were then annealed again in a furnace at 400 °C for 2 h. The MABI layer was then 
deposited by spin coating as described above. 
In order to defragment the SiNCs from large agglomerates and enhance the interaction with MABI, 
SiNCs were treated directly in DMF with fs-laser irradiation following a similar method reported 
previously.69 5 mg of SiNCs were suspended in 3 mL dimethylformamide (DMF). The fs-laser process 
used a wavelength of 400 nm and pulse width of 100 fs. Barium Borate (BBO) crystal was used to 
select 400 nm. The process was conducted at room temperature and for 30 min. The laser beam was 
shaped and focused onto a spot (2 mm in diameter) on the liquid surface by an optical lens with a 
focal length of 250 mm. The average laser power was set to be approximately 30 mW while using 
the repetition of 1 kHz. During the irradiation, the glass container was rotated. Laser treatment was 
used both to induce the fragmentation and surface passivation of the SiNCs. BiI3 (1.65 M) and 
CH3NH3I (2.475 M) was then added to the DMF solution containing SiNCs and the solution was spin-
coated according to the method previously described and annealed on a hot plate at 100 °C for 30 
min. The content of SiNCs was approximately 0.1 wt%. 
The hole transport layer was prepared by dissolving 0.207 g 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-MeOTAD) in 1 mL chlorobenzene and deposited 
by spin-coating (1500 RPM for 20 s). Silver and gold metal contacts were deposited by thermal 
evaporation using a shadow mask. The resulting active area of the device was 0.04 cm2. 
X-Ray Diffraction (XRD): XRD measurements were performed using a Bruker D8 Discover system, 
using Cu K-alpha x-rays with wavelength 1.54 Å. XRD measurements were performed on MABI films 
prepared by spin coating on quartz glass. 
Ultraviolet-Visible Absorption Spectroscopy: Absorption measurements were carried out using a 
Perkin Elmer Lambda 650 UV-vis spectrophotometer with a spectral range between 190 nm and 900 
nm using tungsten-halogen and deuterium lamps, fitted with a 150 mm integrating sphere and 
performed by placing the substrate on the reflectance port of the integrating sphere. UV-Vis 
measurements were carried out on MABI films prepared by spin coating on quartz glass. 
X-Ray Photoelectron Spectroscopy (XPS): XPS was performed using a Kratos Axis Ultra DLD 
photoelectron spectrometer with monochromatic Al K-alpha X-ray radiation. Current and voltage 
were 10 mA and 15 kV, respectively, at an operating pressure of 10−9 bar. MABI was deposited by 
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spin coating onto molybdenum foil, and the binding energies were referenced to the Mo 3d peak 
(228 eV) from the molybdenum foil substrate. 
Scanning Electron Microscopy (SEM): SEM images were collected using a JEOL JSM-6010LV. Samples 
were prepared on glass substrates with the structure glass/compact-TiO2/mesoporous-TiO2/MABI 
and glass/compact-TiO2/mesoporous-TiO2/MABI + SiNCs. For the fabrication of MABI + SiNC layers, 
1.67 mg of the as-collected SiNCs were added to 1 mL of DMF. The solution was then ultrasonicated 
for 30 min. BiI3 (1.65 M) and CH3NH3I (2.475 M) was then added to the SiNCs in DMF solution and 
the solution was stirred on a hotplate for 10 min at 100 °C. The deposition was then carried out by 
spin coating and then annealing as previously described. 
Power Conversion Efficiency: Normalized solar spectrum AM1.5G was generated using Wacom 
Electric Co. solar simulator (JIS, IEC standard conforming, CLASS AAA) calibrated to give 100 mW/cm2 
using an amorphous silicon (a-Si) reference cell. The electrical data was recorded using a Keithley 
2400 source meter. Devices were measured in the voltage range -0.1 V to 0.6 V without any pre-
conditioning (i.e. without voltage soaking or light soaking) and measured using scan rates between 
150 mV/s and 1500 mV/s. The scan rate was varied by altering the full J-V curve acquisition time, 
whilst each current point acquisition at a specific applied voltage remained constant for all 
measurements. This was achieved by altering the voltage step size and the number of points 
measured between a fixed voltage range, which ensures that each data point is measured under the 
same conditions. The number of power line cycles (NPLC), i.e. the number of times the input signal is 
integrated to obtain a single measurement, was set to 10 cycles and the delay time, i.e. the delay 
between applying the voltage and the measurement of the signal, was set to 5 ms. The NPLC and the 
delay time remained constant for all measurements. 
External Quantum Efficiency (EQE): The solar cell EQE characteristics were measured in direct 
current (DC) mode using a Eko Seiki SPM-005B system with 150 W Xenon lamp and monochromator, 
and the spectral response was calibrated using an a-Si reference cell. 
3. Results and Discussion 
3.1 MABI characterization and properties 
We have previously studied in detail the structure and composition of our MABI films.58 Single 
crystal XRD has revealed hexagonal crystal structure with P63/mmc space group.52 We have used XRD 
to study the crystallinity of spin-coated MABI films. Fig. 1 shows the XRD pattern for MABI deposited 
on quartz glass by spin coating. The XRD pattern reveals that the MABI film is highly orientated in the 
[001] direction. Fig. S1 shows the x-ray photoelectron (XPS) spectra for MABI deposited on 
9 
 
molybdenum foil by spin coating. The XPS measurement was performed the following day after film 
formation, and the results demonstrate that the surface of the MABI film is not degraded in ambient 
air.  
Fig. 2 shows the measured ultraviolet-visible (UV-vis) transmittance spectrum of MABI and the 
indirect and direct optical bandgaps have been determined using Tauc plots. The bandgap has been 
reported to vary between 1.96 eV and 2.26 eV.52,65 Density functional theory (DFT) predicted that 
MABI has an indirect gap of 1.97 eV and a direct gap of 2.17 eV,65 whilst Abulikemu et al. report that 
the bandgap varies due to the size and orientation of the MABI crystals.52 We therefore produced Tauc 
plots for both an indirect transition and a direct transition. For the indirect transition, the energy gap 
is determined as 1.99 eV (Fig. 2b) and for the direct transition the energy gap is determined as 2.15 
eV (Fig. 2c). The indirect and direct transition values calculated from the Tauc plot are in very good 
agreement with those calculated using DFT,65 whilst we do not rule out that the bandgap may also 
vary due to size and orientation of the MABI crystals. 
 
Fig. 1. X-ray diffraction pattern for MABI layer deposited on quartz glass, showing that the film is 
highly orientated in the [001] direction. 
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Fig. 2. Transmittance and Tauc plots for MABI thin film on quartz. (a) Transmittance spectrum, (b) 
Tauc plot for indirect transition giving a bandgap (Eg) of 1.99 eV and (c) Tauc plot assuming a direct 
transition giving Eg of 2.15 eV. 
3.2 Solar cell device fabrication and characterization 
We investigated the organic-inorganic hybrid material MABI (MA3Bi2I9) for solar cell 
applications. MABI can be solution-processed in a very similar manner to the organic-inorganic lead 
halide perovskites. We present devices with the structure indium tin-oxide (ITO)/compact-
TiO2/mesoporous-TiO2/MABI/Spiro-MeOTAD/Au or Ag. All device fabrication and storage was 
carried out in open air conditions. Solar cell devices were fabricated using MABI as the active layer 
and the J-V characteristic and external quantum efficiency (EQE) for the best performing solar cell 
are shown in Fig. 3a and 1b. Devices produced with Au contacts displayed higher efficiency than Ag 
contacts (Supporting Information Fig. S2), with highest recorded PCE of 0.164% for devices with Au 
shown in Fig. 3a. The lower performance of devices with Ag can be attributed to the less favourable 
work function which provides a smaller field in the hole transport layer, and also the rapid 
degradation of Ag into AgI (presented later). The JSC calculated from the EQE for the champion cell 
was 0.694 mA/cm2.  
To confirm that the photocurrent is produced by the MABI layer, devices were also fabricated 
without the MABI active layer with the structure ITO/compact-TiO2/mesoporous-TiO2/Spiro-
MeOTAD/Au. The EQE for these devices is shown in the Supporting Information (Fig. S3), and 
confirmed there was no contribution from the spiro-MeOTAD or the TiO2 layers, and the 
photocurrent is generated solely by absorption in the MABI layer.  
The performance statistics for 41 devices is shown in Fig. 3c-f and plotted as standard box and 
whisker plots as per the standard Tukey boxplot, where the “box” represents the respective 
quartiles below and above the median, and the “whiskers” represent the lowest (highest) datum 
within a range defined by the interquartile range multiplied by a factor of 1.5, relative to the lower 
(upper) quartile. The statistical distribution originates from the repeatability of the various device 
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fabrication steps intrinsic to lab processes including variations in day-to-day humidity, also 
considering that all devices were prepared in open-air conditions. 
 
Fig. 3. MABI solar cell device performance under normalized AM1.5G solar spectrum with 
irradiance of 100 mW/cm2. (a) Current density-voltage characteristic and (b) external quantum 
efficiency (EQE) of the champion device with corresponding short-circuit current density (JSC), 
open-circuit voltage (VOC), fill factor (FF) and power conversion efficiency (PCE). (c-f) Device 
performance for 41 solar cells. The data are represented as standard box and whisker plots for (c) 
JSC, (d) VOC, (e) FF, and (f) PCE. All devices shown were produced with Au contacts. 
The presence of hysteresis in MABI solar cells was then investigated. The J-V characteristics at 
varying scan rates and scan directions is shown in Fig. 4a and b. The J-V characteristic for a scan rate 
of 150 mV/s in the forward and backward direction is shown in in Fig. 4a, and in Fig. 4b reports on 
different scan rates. The device shows very low hysteresis for both slow scans and fast scans. The low 
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hysteresis observed when comparing the slow scans (150 mV/s) with the very fast scans (1500 mV/s) 
is a highly promising result, given that such a large range in the scan rate usually produces substantial 
hysteresis for the Pb-based organometal trihalide perovskite family when deposited on mesoporous-
TiO2. This is an encouraging result for a mesoscopic solar cell considering that the interfacial layers are 
unmodified. In previous reports, Park et al. measured MABI devices with a scan rate of 100 mV/s and 
800 mV/s and low hysteresis was observed. Lyu et al. also observed low hysteresis for a fixed scan 
rate, though the scan rate used was not specified. Recent reports have not further studied the 
hysteresis in MABI for varying scan rates.60,61  
In MAPbI3, hysteresis arises due to a number of reasons, and is mostly the result of combined 
ion migration and charge trapping at interfaces and grain boundaries.44 The hysteresis due to surface 
traps can be mostly diminished by surface passivation.47 The migration of ions in MAPbI3 causes a band 
bending in the cell due to the accumulation of positively and negatively charge defects at interfaces 
and grain boundaries.70 These defects can also facilitate trap-assisted recombination.44 The migration 
of iodine vacancies in MAPbI3 occurs easily along the lead iodide structure, and the connected network 
of PbI6 octahedra in all three axes accommodates the facile migration of iodine vacancies along the 
structure.71 Fig. 4c shows the PbI6 octahedra, which is connected to adjected octahedral in every axial 
direction. This connectivity is broken in MABI, where the Bi2I9 bicotahedra (Fig. 4d) is disconnected in 
all three dimensions and is isolated by MA ions. The low hysteresis observed in MABI is likely due to 
the structure adopted by MABI, forming a zero-dimensional network of spatially separated face-
sharing Bi2I9 bioctahedra surrounded by CH3NH3+ barriers. The absence of a connected lattice for 
iodine vacancies to migrate could inhibit ion migration of iodine between Bi2I9 bioctahedra. 
Furthermore, MABI is expected to form a native surface layer of Bi2O3 or BiOI which does not increase 
the recombination rate.59 The presence of the Bi2O3/BiOI surface layer could provide self-passivation 
against charge trapping at interfaces. 
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Fig. 4. Hysteresis study for MABI solar cells indicating hysteresis-less behaviour. (a) Current 
density-voltage (J-V) characteristic measured in the forward and backward scan direction for a 
scan rate of 150 mV/s (0.01 V step size, 71 points), which is a typical scan rate selected for 
measuring conventional organometal trihalide perovskite solar cells. (b) J-V charachteristic 
measured in the forward and backward scan direction for varying scan rates between 150 mV/s 
(0.01 V step size, 71 points) and 1500 mV/s (0.1 V step size, 8 data points). Some of the data points 
have been removed from (b) for clarity. (c) Octahedra adopted by PbI6 and (d) face-sharing 
bioctahedron adopted by Bi2I9. All J-V measurements were carried out in the voltage range -0.1 V 
to 0.6 V. 
Furthermore, we investigated the stability of devices fabricated in open-air conditions, and 
then stored over a 21-day period in open-air and in the dark. Fig. 5a shows the stability of MABI 
devices produced with Ag and Au contacts. Devices produced with Au possessed the highest 
stability, with a small drop in efficiency over 21 days. The small reduction in PCE observed over 3 
weeks is likely due to the fabrication in open-air conditions and thus the presence of moisture in the 
device, combined with the degradation of the spiro-MeOTAD layer. Nonetheless, MABI shows 
exceptional tolerance to moisture with respect to OTPs. 
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For devices produced with Ag we observed low stability, with a severe degradation in 
efficiency after only 3 days due to the visible degradation of the Ag top contacts (Fig. 5, and 
individual J-V curves are shown in Supporting Information Fig. S4 for Ag devices). Hoye et al. and Lyu 
et al. both observed high stability in the XRD patterns for MABI films deposited on quartz and FTO 
substrates respectively,59,62 indicating that the MABI material is independently stable, which Hoye et 
al. proposed is due to the formation of a surface layer of either Bi2O3 or BiOI.59 The degradation of 
Ag contacts is not observed for devices without the presence of MABI active layer, e.g. ITO/compact-
TiO2/mesoporous-TiO2/Spiro-MeOTAD/Ag confirming that the presence of MABI is required to 
induce the degradation of Ag. In addition, when fresh Ag contacts are deposited on MABI devices 2 
months after fabrication, the efficiency is comparable to that of the as-prepared devices (Fig. 5b). 
Devices produced with fresh contacts after 2 months displayed a reduction in JSC; however, there 
was a 0.11 V increase in VOC, possibly due to the evolution of the native surface layer.59 
The formation of AgI on MAPbI3 solar cells with Ag contacts is well-reported and it is 
attributed to the decomposition of MAPbI3 into volatile species (I- and MA+). These species then 
migrate through the HTM and accumulate at the Ag electrode and react with Ag to form AgI.19,72 
Previously, Park et al. reported good stability for MABI devices produced with Ag contacts fabricated 
and stored in a N2 glove box,63 which we expect is due to a thicker and more continuous layer of 
spiro-MeOTAD with reduced pinholes. Additionally, the fabrication in N2 glove box will reduce the 
presence of moisture at the MABI and Spiro-MeOTAD interface immediately after device fabrication, 
and therefore I- and MA+ defects are less prevalent. Although MABI displays a high tolerance to 
moisture individually, defects may exist at the surface such as I- and MA+ which are enhanced by the 
fabrication in open-air. If I- and MA+ defects are present at the surface, these can easily migrate 
through the HTM and decompose the Ag and account for the AgI formation. The migration of metal 
through spiro-MeOTAD has also been reported by Domanski et al. and was induced at temperatures 
as low as 75 °C after 15 hours.20 They confirmed that this irreversible degradation was not due to the 
decomposition of the organic and hybrid perovskite layers, and report that a Cr interlayer reduces 
the metal migration. Because we have stored devices at room temperature and in the dark between 
measurements, it is not expected that Ag is migrating significantly. The degradation of Ag due to I- 
and MA+ ions can likely be overcome by reducing the pinholes in the spiro-MeOTAD layer and/or by 
implementing an interlayer. The best MABI solar cell reported in the literature employed a MoO3 
interlayer between spiro-MeOTAD and Ag, however the stability of a fabricated device was not 
reported.60 We can therefore confirm that MABI devices are highly stable when a suitable/stable 
contact interface is employed (e.g. with Au). The degradation of the device performance with Ag 
contacts is due to specific chemical reactions with Ag which are not due to MABI stability in general.  
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Fig. 5. MABI solar cell stability. (a) Stability of MABI devices produced with silver and gold top 
contacts plotted as power conversion efficiency (PCE) with time and (b) current density-voltage 
curves for MABI solar cells with Ag under illumination, which demonstrates the high stability of 
the MABI layer after 2 months when the Ag contacts were replaced. The solar cell characteristics 
in (b) refers to as-prepared MABI devices fabricated with silver contacts (black line), after 2 
months of aging in ambient conditions (blue line), and then with fresh silver contacts deposited on 
the same device (red line). This confirms that it is not the degradation of the MABI layer that leads 
to a reduction in the efficiency, rather the degradation due to the silver contacts. All devices 
shown in (a) and (b) were stored in ambient conditions in the dark. The scan rate used for all 
measurements was 150 mV/s and in the backward scan direction. 
We have then explored the potential of MABI to form zero-dimensional hybrids by the 
addition of surface-engineered SiNCs to the MABI layer forming a bulk-heterojunction device 
architecture. Due to high exciton binding energy in MABI, it is proposed that the performance can be 
improved by assisted exciton dissociation. SiNCs were produced by electrochemical etching and 
were surface-engineered by laser to fragment the SiNCs and to passivate the surface forming a thin 
oxide capping layer. This technique has previously been reported for SiNCs and results in particle 
sizes typically 2-4 nm in diameter.69 5 mg of SiNCs were then added to 3 mL of the MABI precursor 
solution prior to spin coating. Full details of the fabrication of MABI:SiNC hybrid devices are provided 
in the experimental section.  
Eight solar cell devices were fabricated with ITO/compact-TiO2/mesoporous-TiO2/MABI/Au 
and eight devices were fabricated with ITO/compact-TiO2/mesoporous-TiO2/MABI+SiNCs/Au. Due to 
the fabrication process being highly susceptible to day-to-day humidity changes, we have processed 
the materials and fabricated the 16 devices all on the same day and at the same time to allow for a 
reliable comparison. The results are shown in Fig. 6. The JSC for devices with and without SiNCs is 
16 
 
compared statistically in Fig. 6a (box and whisker plot as described previously). For devices produced 
with SiNCs we observed a significant increase in the JSC over the control devices with a clear 
statistical trend. The increase in JSC was confirmed by the EQE measurement (Fig. 6b) which 
compares the EQE of the champion devices from the series and confirms an increase in the JSC of 
0.175 mA/cm2. The EQE measurement is a more reliable measurement of the JSC as it is calculated 
directly from the solar spectrum using monochromatic light, whilst the JSC obtained from the J-V 
measurement is calculated under simulated AM1.5G sunlight. The JSC obtained from J-V 
measurements is also susceptible to variations in the scan rate and scan direction which can cause 
charging, although we did not observe any significant influence (Fig. 4b). The confirmation by the 
EQE measurement is therefore strong evidence of the increase in JSC provided by the SiNCs. Table 1 
shows the median values for the device performance parameters. Due to the large increase in the JSC 
for MABI devices with SiNCs, the median PCE was also higher; however, the median VOC and FF were 
lower. Full performance results of the devices can be found in the Supporting Information (Fig. S5). 
 
Fig. 6. Addition of silicon nanocrystals (SiNCs) to MABI solar cells. (a) Comparative study of the 
current density (JSC) of 8 control devices produced with MABI and 8 devices produced with a MABI 
and SiNCs composite. The data is presented as a standard box and whisker plot. Devices including 
SiNCs demonstrate a marked increase in JSC, and the mean (x̄) JSC is reported. (b) External quantum 
efficiency (EQE) for the best performing solar cells shown in (a). The EQE is shown for MABI alone 
(black curve) and for MABI with SiNCs (red curve).  
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Table 1. Median values for the short-circuit current-density (Jsc), open-circuit voltage (Voc), fill 
factor (FF) and power conversion efficiency (PCE) of the control MABI solar cell devices and the 
MABI + SiNC devices. Full details of the device performance parameters distributions are given in 
the Supporting Information (Fig. S5). 
Device JSC (mA/cm2) VOC (V) FF PCE (%) 
MABI 0.316 0.42 0.32 0.042 
MABI + SiNCs 0.463 0.35 0.28 0.047 
 
Due to the low concentration of the SiNCs, it is expected that they do not visibly contribute to 
absorption. The increased JSC observed in MABI devices with SiNCs over the control devices can be 
explained in two ways. In one view, the SiNCs act as a nucleation site for crystallization, thus improving 
the crystallinity of the MABI layer. The presence of impurities during crystallization is known to 
influence crystal growth.73–76 The efficiency of MABI devices has also previously been reported to be 
dependent on crystallinity of the MABI layer through optimization of the precursor solution 
concentration.60 It has been demonstrated that the addition of a small quantity (up to 0.3 mol%) of 
Al3+ ions enhances crystal growth in MAPbI3 perovskites leading to more reproducible device 
performance and higher PCE.77 Copper phthalocyanine (CuPc) nanocrystals have also been 
demonstrated to improve the crystallization of P3HT leading to higher device performance typically 
by increasing the JSC.78  
We therefore used XRD to investigate the effect of adding SiNCs to the crystallinity of MABI. Fig. 
7 shows the XRD spectra for a MABI thin film with and without SiNCs, deposited on quartz glass by 
spin coating. The concentration of SiNCs was the same as for the solar cell devices. The MABI layer 
containing SiNCs displayed a higher XRD peak intensity indicating improved crystallisation, with even 
greater orientation in the [001] direction (Fig. 7a). The spectra were then normalised to the main peak 
at 24.55° (Fig. 7b). The MABI layers with SiNCs revealed a narrowing of the peak confirming increased 
crystal quality and extended crystal orientation. However, we did not observe any visible changes in 
film formation and there were no significant surface morphological changes on the basis of SEM 
analysis (ESI Fig. S8†). The SEM images revealed that crystals with a hexagonal cross-section of 
approximately 25 μm in diameter were present at the surface; these have been previously 
characterized as being single crystals of MABI.52 Unfortunately, quantitative and reliable estimates of 
the grain size from XRD could not be determined due to the grain size being far larger than the valid 
range for the Scherrer equation79 (calculated values were 79.1 nm for the MABI layer and 190.8 nm 
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for MABI + SiNCs layer; these values are however affected by large errors due to the full-width at half 
maximum being very small, Fig. 7b). Therefore these results show that the addition of SiNCs has 
improved the overall crystallization, however without significant changes to the macroscale top 
surface morphology of the film. 
It has been reported that MAPbI3 device performance is related to the grain sizes and grain 
boundaries.80–82 In particular, larger MAPbI3 grains result in greater device performance, 80 and 
the separation and transport of carriers was shown to occur at grain boundaries.81,82 We can 
therefore expect that also in MABI, larger crystal grains could have resulted in greater device 
performance. However, it should be noted that we could not confirm drastic changes in the grain 
size and that the crystal structure of MABI is fundamentally different to MAPbI3.
 
Fig. 7. X-ray diffraction (XRD) spectra for MABI solar cells with and without Silicon nanocrystals 
(SiNCs). (a) full scans and (b) normalised to the main peak at approximately 24.55°. In (b), the raw 
data is displayed as data points and the curves have been fitted to the data points. 
We therefore believe that the inclusion of the SiNCs resulted in an improvement in JSC, also through 
a different contribution as the addition of SiNCs can present a route for enhanced exciton dissociation. 
An increase in JSC can be achieved via assisted exciton dissociation by electron transfer into the SiNCs, 
increasing the likelihood of carrier separation and therefore reducing recombination losses. Fig. 8a 
shows the band structure of the MABI device with SiNCs and Fig. 8b illustrates exciton dissociation 
through electron transfer to a SiNC. It is expected that the dominant photo-generated species in MABI 
is a neutral bound e-h pair generated in the spatially separated Bi2I9 clusters. Charge transport under 
illuminated occurs by excited electrons localised on Bi2I9 clusters tunnelling through MA+ barriers, 
owing to the high exciton binding energy. These neutral excitons can be dissociated from Coulomb 
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attraction by an energetically favourable pathway for the electron to transfer onto an electron-
accepting species such as p-type SiNCs. Excitons which are generated on Bi2I9 clusters close to SiNCs 
can be dissociated through electron transfer to a surface state on the nearby SiNCs, in a more 
favourable pathway than tunnelling through the MA+ barrier. The electron likely enters a high-lying 
surface state in the SiNC oxide layer with confined energy structure. The surface engineering by laser 
treatment performed on the SiNCs can provide passivation of trap defects such as dangling bonds on 
the SiNC surface,69 and an oxide layer has previously demonstrated enhanced carrier dissociation in 
SiNC:PTB7 hybrid solar cells.82 The Fermi level (EF) of surface-engineered SiNCs is approximately equal 
to the EF of MABI, therefore there is no potential barrier for carrier transfer.62,83 The free electron on 
the SiNC can also move through the MABI layer under the internal field.  
 
Fig. 8. Energy band diagram and carrier extraction in MABI solar cells with silicon nanocrystals 
(SiNCs). (a) Schematic of non-equilibrated band diagram of the MABI device with SiNCs in energy 
(eV) relative to the vacuum level. The band edges were previously reported in the literature for 
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MABI62 and SiNCs.83 (b) Schematic of the exciton dissociation through electron transfer to SiNCs. 
The dotted black line indicates a bound e-h pair localised on the Bi2I9 cluster.  
The performance of the devices after storage for 16 days in open air in the dark and a 
comparison of the median performance of the as-prepared devices and after 16 days are shown in 
the Supporting Information (Fig. S5, S6 and S7). There was no change in the rate of degradation of 
the MABI devices with and without SiNCs demonstrating that SiNCs do not adversely affect the 
stability of the MABI layer. As SiNCs can be easily oxidised in air, it is expected that the MABI also 
improves the stability of the SiNCs by providing encapsulation and restricting oxidation of the SiNCs. 
Therefore the combination of stable MABI with various types of nanocrystals is possible and should 
be explored. 
 
4. Summary 
We have demonstrated the high stability and hysteresis-less behaviour of the zero-dimensional 
hybrid material MABI for solar cell devices fabricated and stored in open air conditions. We expect 
that the absence of hysteresis is due to the spatially separated clusters of Bi2I9 bioctahedra with 
lower defect migration than conventional OTPs leading to reduced charge accumulation, and the 
higher tolerance of MABI to moisture and defects. The demonstration of hysteresis-less devices 
indicates reduced ionic motion in the MABI layer and suggests superior long-term stability over OTP 
devices. MABI devices with Au contacts were measured over a period of 21 days and present good 
stability when stored in open air conditions in the dark. We observe a contact degradation process 
for MABI devices fabricated with Ag contacts caused by the interaction of Ag with the MABI layer. In 
addition, we have successfully improved the JSC of MABI solar cell devices through the addition of 
SiNCs to the MABI active layer forming a bulk hetero-architecture. We expect that the enhancement 
in JSC is due to improved crystallization and possibly the facilitation of exciton dissociation. The 
results highlight new opportunities for composite zero-dimensional materials where suitable energy 
level alignment could lead to beneficial synergies. In this sense, this study has shown that MABI 
coupled with SiNCs represent a novel architecture that could lead to efficient exploitation of carrier 
multiplication and third-generation mechanisms. 
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